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Abstract 
In this paper, mathematical model and simulation for optimization of direct coupling solar photovoltaic (PV) panel 
and advanced alkaline electrolyzer is presented. The simulation models related the PV panel and the advanced 
alkaline electrolyzer are constructed in MATLAB Simulink environment. Results related power-voltage 
characteristics and the current-voltage characteristics of both systems have been presented. Simulation studies were 
carried out at different operating temperatures (40, 60 and 80°C) for the advanced alkaline electrolyzer. It was 
observed that the operating voltage that corresponds to 80°C results in the smallest operating voltage compared to the 
other two operating temperatures. The results show that the difference in operating temperatures did not have any 
significant effect on Faraday’s efficiency of the electrolysis process. However, Faraday’s efficiency increases sharply 
to a maximum of about 98% at current density of 90mA/cm2. At solar irradiance of 1000W/m2, the PV was observed 
to produce a maximum power of about 60W. This power was matched against the voltage requirement of the 
advanced alkaline electrolyzer. The number of cells of the advanced alkaline electrolyzer was varied to give an 
optimum number of cells that can match the available power from the PV.  In conclusion it was observed that the I-V 
curve of 10 cells intersected at the maximum power output of the PV generator. The overall results show that the 
hydrogen production increased as the MPPT efficiency is increased.  
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1. Introduction 
Hydrogen gases can be produced by water splitting process or known as electrolysis. Water splitting 
process requires electricity to flow through electrode and water in order to break their molecule into 
hydrogen and oxygen. During the past decade, several methods have been utilized to harvest the 
hydrogen. However, the only state-of-the-art technique is the advanced water electrolysis. The application 
of hydrogen as fuel had been made practical since water electrolysis is a mature and commercially 
available technology which is widely being used for generating hydrogen capacities ranging from few 
cm3/min to thousands m3/h [1].  
Numerous researchers have been focusing on the direct coupling of the PV and alkaline electrolyzer, 
for instance the reports of Djafour et al. [2] and Tetsuhiko et al. [3]. Researchers also focused on the study 
of alkaline electrolyzers in order to increase the reliability of the system. Studies done by Ulleberg and 
Morner [4], Hany A. Khater et al. [5] and Ulleberg [6] provides thorough understanding on the alkaline 
electrolyzer sytem and working conditions. The aim of this paper is to simulate a direct coupling of the 
PV and advanced alkaline electrolyzer at MPP. Several parameters concerning the PV and advanced 
alkaline electrolyzer such as the solar irradiance, current density and operating temperature are studied to 
determine their effect on hydrogen production rate. 
 
Nomenclature 
 A area of electrode, m2 
∆G Gibbs free energy, J/mol 
 F Faraday constant, 96485 C/mol 
 f parameter related to Faraday efficiency, mA2cm-4 
 T temperature, K 
 V cell voltage, V 
 N number of cells 
 q electron charge (1.60217646 × 10−19 C) 
 Eg bandgap energy of the semiconductor, E_g=1.12eV for the crystalline Si at 25°C 
 a ideality factor of the PV cell 
 k            Boltzmann constant (1.3806503 × 10−23 J/K) 
 ṅ  production rate, Nm3/h 
 r ohmic resistance parameter, Ωm² 
 s coefficient for overvoltage on electrodes, V 
 t coefficient for overvoltage on electrodes, A-1m2 
 z number of electrons 
 G Irradiance 
 Subscripts 
 H+ hydrogen ions 
 H2 hydrogen gas 
 H2O water 
 O2 oxygen gases 
 OH- hydroxide 
 aq  aqueous 
 g gaseous 
 l liquid 
 rev reversible 
 act activation 
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 ohm ohmic 
 Ipv photovoltaic current 
 Id diode current 
 Ish shunt current 
 KI, KV current and voltage coefficient of PV 
 Greek 
 ηF Faraday efficiency 
 Acronyms 
 DC direct current 
 PV  photovoltaic 
 MPP maximum power point 
 WE water electrolyzer structure 
2. Theoretical concept of advanced alkaline electrolysis/Technology 
The technology alkaline electrolysis is most widely used for water electrolysis in which the electrolyte 
is liquid [7, 8]. The major difference between conventional alkaline electrolyzers and advanced alkaline 
electrolyzers is that, the operational cell voltage has been reduced and the current density increased in 
advanced alkaline electrolyzers. Typically the new advanced commercial alkaline electrolysers operate 
with current densities up to 500 mAcm-2 and system efficiency near to 83% referred to the higher heating 
value (HHV) [6] .  
2.1. Mathematical modelling and simulation approach 
Water electrolysis begins with electric current (DC) passes between two electrodes (cathode and anode) 
separated by an aqueous electrolyte preferably with good ionic conductivity to increase the efficiency of 
the process [5, 6]. The reaction can be summarized as follows:  
 
ܪʹܱሺ݈ሻ ൅ ݈݁݁ܿݐݎ݈݅ܿܽ݁݊݁ݎ݃ݕ ՜ ܪʹሺ݃ሻ ൅ Φܱʹሺ݃ሻ     (1) 
 
The minimum voltage needed for the reaction to occurs can be determined from Gibbs equation [7, 8]: 
 
οܩ ൌ ݖܨܸݎ݁ݒ (2) 
 
ܸݎ݁ݒ ൌ οܩȀݖܨ (3) 
 
ܸݎ݁ݒ ൌ  ଶଷ଻Ǥଶ௞௃Ȁ௄௠௢௟௘ଶൈଽ଺ସ଼ହ௖௢௟௨௠௡௦Ȁ௠௢௟௘ ൌ ͳǤʹʹͻ (4) 
 
However, during the electrolysis process, the voltage requirement increases due to the activation 
overvoltage and ohmic overvoltage. Thus, the voltage required is equal to: 
 
ܸ݈݈ܿ݁ ൌ ܸݎ݁ݒ ൅ ܸܽܿݐ ൅ ܸ݋݄݉ (5) 
 
A temperature dependent  I-V model proposed by Oystein Ulleberg [6] is: 
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ܸ ൌ ܸݎ݁ݒ ൅ ݏ݈݋݃ ቌ
௧భା௧మ ்ା௧య ்²ൗ
൘
஺ ܫ ൅ ͳቍ ൅
௥భା௥మ்
஺ ܫ (6) 
 
The hydrogen production rate in an advanced alkaline electrolyzer, which consists of several cells 
connected in series, can be expressed as [6]: 
 
ᒣுଶ ൌ  ߟி ቀ
௡೎ூ
௭ி ቁ (7) 
 
where, ߟி is the Faraday’s efficiency of the electrolyzer: 
 
ߟி ൌ
ቀ಺ಲቁ
మ
௙భାቀ
಺
ಲቁ
మ ଶ݂ (8) 
 
The hydrogen production rate can be expressed in unit of Nm³/h as follows: 
 
ܳ ൌ ᒣܪଶ ൈ ͵͸ͲͲ ൈ ͲǤͲʹʹͶͳͶ (9) 
2.1.1. PV module 
 
The current generated from PV can be evaluated by [9]: 
ܫ ൌ ܫ௣௩ െ ܫௗ െ ܫ௦௛ (10) 
 
where, 
ܫௗ ൌ ܫ଴ ቂ ቀ
௏ାோೞூ
௏೟௔
ቁ െ ͳቃ and,  ܫ௦௛ ൌ
௏ାோೞூ
ோ೛
 (11) 
 
The equation above is the basic equation that is used to construct the I-V related equation for the PV: 
 
ܫ ൌ ܫ௣௩ െ ܫ଴ ቂ ቀ
௏ାோೞூ
௏೟௔
ቁ െ ͳቃ െ ௏ାோೞூோ೛  (12) 
 
The light-generated current of the PV cell depends linearly on the solar irradiance and is also influenced 
by the temperature according to the following equation [9-11]: 
 
ܫ௣௩ ൌ ൫ܫ௣௩ǡ௡ ൅ ܭூοܶ൯
ீ
ீ೙
  (13) 
 
The diode saturation current also depends on temperature and it can be expressed by as following [9]: 
 
ܫ଴ ൌ ܫ଴ǡ௡ ቀ ೙்் ቁ
ଷ
 ቂ௤ா೒௔௞ ቀ
ଵ
೙்
െ ଵ்ቁቃ (14) 
 
where  ܫ଴ǡ௡ is the nominal saturation current: 
 
ܫ଴ǡ௡ ൌ
ூೞ೎ǡ೙
ୣ୶୮൬ೇ೚೎ǡ೙ೌೇ೟ǡ೙൰ିଵ
 (15) 
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3. Model parameters  
Table 1. Certification of PV module [11]     Table 2. Faraday’s efficiency related parameters [6]  
 
 
 
Table 3. Constant parameters for the electrolyzer [6]   
 
Table 1 shows the certification of the PV. The PV Simulink model constructed was based on the 
SOLAREX MSX60 PV module which consists of 36 numbers of cells. Meanwhile Table 2 and table 3 
show the constant parameters that are related to the advanced alkaline electrolyzer’s mathematical models 
used for simulation.   
4. Results and discussion 
4.1. Advanced alkaline electrolyzer 
Simulation result in Fig 1 shows that as the current input is increased, the cell voltage also increased. 
The reason behind this phenomenon was merely due to the dissociation of the water molecules into 
hydrogen and oxygen molecules. As there are more water molecules to be dissociated, the values of Vcell 
will keep increasing according to the current. Thus, when the current is increased, more water molecules 
are dissociated which means that more voltage needed to overcome the process of splitting the water. Fig 
1 also shows that the voltage values are different according to the operating temperature of the advanced 
alkaline electrolyzer. Simulation studies are carried out at different level of temperatures which are at 
40°C, 60°C and 80°C. At highest temperature which is 80°C, the voltage is much smaller compared to the 
other two operating temperature.  
In electrolysis, the operating cell voltage or overpotential is the summation of the reversible 
overvoltage, the activation overvoltage which is acting at the electrode and also the addition of ohmic 
overvoltage at the electrolyte [5, 6]. To explain this phenomenon, graphical illustrations of the ohmic 
voltage and activation voltage are displayed in Fig 2 and 3. 
 
PV model SOLAREX MSX60 
Cell type Polycrystalline Silicon 
Open circuit voltage (Voc) 21.1V 
Short circuit current (Isc) 3.8A 
Optimum output voltage 17.1V 
Optimum output current 3.5A 
Maximum power output 60W 
Temperature 
(°C) 
Faraday’s efficiency parameters 
f1 (mA2cm-4) f2 (0….1) 
40 150 0.990 
60 200 0.985 
80 250 0.980 
Constant Parameters Symbols Units Value 
Reversible Voltage Vrev V 1.229 
Area of Electrode A m2 0.25 
Faraday’s Constant F C/mol 96485 
Number of electrons z  2 
Number of cells n  1 
Coefficient for overvoltage on electrodes s V 0.185 
 
Coefficient for overvoltage on electrodes 
t1 A-1m2 1.002 
t2 A-1m2°C 8.424 
t3 A-1m2°C2 247.3 
Parameters related to ohmic resistance of electrolyte 
r1 Ωm2 8.05e-5 
r2 Ωm2°C -2.5e-7 
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Fig. 1. cell voltage against current density                                            Fig. 2. Ohmic voltage against current density 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Activation voltage against current density        Fig. 4. Faraday’s efficiency against current density 
 
As shown in Fig 2 and Fig 3, the ohmic overvoltage and activation overvoltage of the cell decreased 
with the increasing value of operating temperature. Ohmic overvoltage of the advanced alkaline 
electrolyzer is the voltage presents due to the transport of hydrogen and oxygen ions through the 
electrolyte to the electrodes while the activation overvoltages is the voltage presents due to reaction at the 
anode and cathode [5]. An increase in operating temperature helps to reduce both the ohmic and 
activation overvoltages as it enhances the reaction rates and reduces the electrolyte resistance. The 
decreased value of both of the overvoltages subsequently reduced the cell voltage since the cell voltage is 
the sum of these overvoltages and Vrev (eq. 5). 
Fig 4 shows how Faraday’s efficiency was affected by the current denstity. As current density 
increased the Faraday’s efficiency increases. From the Fig 4, the operating temperatures slightly affect the 
Faraday’s efficiency. It was observed that the different operating temperatures did not have any 
significant effect on Faraday’s efficiency of the electrolysis process; however Faraday’s efficiency 
increases sharply to a maximum of about 98% at current density 90 mA/cm2. 
 
4.2. PV module  
The graph in Fig 5 shows the I-V characteristics of the PV generator simulated at different solar 
irradiance. Results obtained shows that the current and voltage are affected by the irradiance. At 1000 
W/m2 solar irradiance, the current produces by the generator are much greater than at lower values of 
irradiance. This is because of the light-generated current produces by the PV generator increase as the 
irradiance increase (refer eq. 13). Fig 6 displays the power against voltage of the PV generator where the 
maximum power outputs of the PV generator are at the peak of each of the curves. At solar irradiance 
level of 1000 W/m2, the power output of the generator is the highest at 60W. This maximum power 
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outputs marked the instance at which the generator are performing at highest efficiency. The PV 
generator and advanced alkaline electrolyzer will be directly coupled at this highest power rated output. 
The end simulation is done by coupling the PV at 1000 W/m2 irradiance and advanced alkaline 
electrolyzer’s operating temperature of 80°C (optimum condition based on the previous results). Different 
cell configurations of advanced alkaline electrolyzers cells were simulated namely 8 to 13 water 
electrolyzer cells. Based on Fig 7, the I-V curves of 10 cells in series intersect at the maximum power 
output of the PV generator. This simulation shows that both of the applications are working at desirable 
condition.  
MPPT efficiency = (Actual PV output) / (Maximum PV output)  
Table 4 shows the voltage and current operation of the PV and advanced alkaline electrolyzer and also 
the associated power. Based on the table, the maximum power of the coupling is achieved for 10 cells 
with a MPPT efficiency of 99.17%. High MPPT efficiency value means that the PV and advanced 
alkaline electrolyzer are working at the optimum coupling condition. This can be proven by the hydrogen 
production rate increases linearly with the increasing MPPT efficiency. However, the highest hydrogen 
production rate is observed at 9 number of advanced alkaline electrolyzer cells. This may be related to the 
Faraday’s efficiency of the electrolysis process since higher current produces higher efficiency thus better 
hydrogen production rate.  
 
Fig. 5. I-V characteristics of PV at different solar irradiation     Fig. 6. P-V characteristics of PV at different solar irradiance 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. I-V characteristics of PV and advanced alkaline electrolyzer at 1000 W/m2 Irradiance 
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Table 4. Results of direct coupling PV and advanced alkaline electrolyzer 
 
5. Conclusion 
The optimum working condition for the individual application of PV and advanced alkaline 
electrolyzer had been studied before the coupling simulation is done. For the advanced alkaline 
electrolyzer, it can be concluded that the operating temperature affects the voltage and consequently 
affecting the power requirement. Based on the simulation, higher operating temperature leads towards 
lower power requirement of the advanced alkaline electrolyzer. Despite the operating temperature did not 
affect the hydrogen production, lower power requirement was obtained when at higher temperature and 
this did contribute to favourable lower energy consumption of the advanced alkaline electrolyzer. For the 
PV, solar irradiance plays important role in the maximum power that it can deliver. Simulation shows that 
at higher solar irradiation, the MPP of the PV is higher resulting in better energy output. The direct 
coupling simulation is done based on this optimum condition of the applications (solar irradiance 
=1000W/m2, temperature = 80°C). Results show that when the PV directly coupled with 10 cells, it 
produced the second highest value of hydrogen production rate. The hydrogen production rate also 
increases linearly with the MPPT efficiency. This clearly shown that the configuration and the number of 
advanced alkaline electrolyzer cells affect the MPPT efficiency  and a better MPPT efficiency will results 
in better hydrogen production. 
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With respect to 1000 W/m2 irradiance at 25°C PV operating temperature simulation. 
Number of 
electrolyzer cells 
Voltage (V) Current (A) Power (W) MPPT efficiency (%) Hydrogen production 
rate (Nm3/h) 
8 14.13 3.735* 52.76 87.93 0.0057 
9 15.85 3.640 57.69 96.15 0.0061* 
10 17.49 3.402 59.50 99.17* 0.0059 
11 18.88 2.818 53.20 88.67 0.0043 
12 19.85 1.947 38.65 64.42 0.0019 
13 20.42 1.166 23.81 39.68 0.0005 
